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Popular Summary

Our previous observational study on the impact of 1997/98 El Nifio on the South American

summer monsoon (SASM) _.+howeda major reduction of rainfall over the Amazon associated with

a poleward shift of the SASM circulation and rainfall system during 1997/98 austral summer. A

much stronger low-level northwesterly jet was found along the eastern side of the subtropical

Andes and an enhanced ulgper tropospheric high over the Altiplano Plateau. Both were in

response to the positive tropospheric temperature anomaly expanding from the central Pacific to

tropical-subtropical South America.

In this study, we ha, e evaluated the atmospheric general circulation model (AGCM)

simulations of climatology and response of the SASM to the 1997/98 El Nifio, using an ensemble

of two-year (September 1')96 - August 1998) integration provided by the CLIVAR Asian-

Australian Monsoon Atmospheric Model Intercomparison Project. The study is important to the

understanding of aforementioned large-scale El Nifio impacts and to the improvement of the

regional climate prediction _ia dynamical downscaling from large-scale climate models.

The model simulations of the climatology show that the stationary pressure systems and the

seasonal cycle are overestimated. Large systematic rainfall errors are found in association with

the Andes and the Atlantic intertropical convergence zone, indicating model problems in handling

steep mountains and parameterization of convective processes. The seasonal development of the

monsoon rainfall system shcws large variability among AGCMs.

Regarding the impact of 1997/98 El Nifio anomaly, most models can simulate the large-scale

tropospheric warming respc, nse over the tropical central-eastern Pacific, but the response becomes

too weak over subtropical South America. As a result, the Bolivian high is less enhanced in the

simulation. Most models fail to simulate the strengthening of the northwesterly low-level jet

(LLJ) along the eastern foc, thills of the Andes. Due to lack of moisture transport from Amazon

basin by the northwesterly LLJ, the positive rainfall anomaly center observed over the Uruguay-

Southern Brazil area is missing in all six AGCM simulations.

The assessment of the predictability of regional rainfall anomaly shows promising skill over

northern Brazil and Ecua&x coast, where is directly under the influence of the Walker cell shift

in response to the SST warming in the eastern-central Pacific, but not over the subtropical

southeast of South America, where the anomaly is generated by the E1 Nifio induced regional

feedback processes and cc_mplex interactions with subcomponents of SASM and mid-latitude

systems, which are dependeat on the internal dynamics of the SASM.
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ZNASA/Goddard Space: Flight Center



ABSTRACT

The simulations of climatology and response of the South American summer monsoon

(SASM) to the 1997/98 E1 Nifio are investigated using six atmospheric general circulation

models. Results show all m_dels simulate the large-scale features of the SASM reasonably well.

However, both stationary a1_d seasonal components of the surface pressure are overestimated,

resulting in an excessively slrong SASM in the model climatology. The low-level northwesterly

jet over eastern foothills of the Andes is not well resolved because of the coarse resolution of the

models. Large rainfall simulation biases are found in association with the Andes and the Atlantic

ITCZ, indicating model problems in handling steep mountains and parameterization of

convective processes.

The simulation of tile 1997/98 E1 Nifio impact on SASM is examined based on an

ensemble of ten two-year (September 1996 - August 1998) integration. Results show that most

models can simulate the ia_ge-scale tropospheric warming response over the tropical central

Pacific, including the dynamic response of Rossby wave propagation of the Pacific-South

America (PSA) pattern that influences remote areas. Deficiencies are found in simulating the

regional impacts over SoutJ_ America. Model simulation fails to capture the southeastward

expansion of anomalously w arm tropospheric air. As a result, the upper tropospheric anomalous

high over the subtropical Andes is less pronounced, and the enhancement of subtropical westerly

jet is displaced 5°-10 ° equatLwward compared to the observed. Over the Amazon basin, the shift

of Walker celt induced by E Nifio is not well represented, showing anomalous easterlies in both

upper and lower tropospherc. In association with the simulation of weaker sinking motion over

Northeast Brazil, the low-level anti-cyclonic couplet over the Amazon basin is obscured. The

observed strong LLJ anorr_aly along the eastern foothills of the subtropical Andes is not



simulatedby all models. C,msequently,therainfall anomalyoverUruguayandSouthernBrazil

is missingin all modelsimuiations.

Basedon the inter- and intra-ensemblevariability our study revealsthat the regional

rainfall anomalyover northernBrazil and Ecuadorcoast is more predictablethan that over

Uruguay and SouthernBradl. The former is influencedby the Walker cell shift as a direct

responseto El Nifio, and _helatter by the indirect responseto El Nifio, involving regional

feedbackprocessesand internal variability among SASM subcomponentsand mid-latitude

systems.



1. Introduction

The South American summer monsoon (SASM) has been recognized as a major climate

system over South America in austral summer (reviewed by Nogu6s-Paegle et al. 2002), whose

interannual variability is strongly influenced by the E! Nifio-Southern Oscillation (ENSO).

Previous studies showed thai a typical response of the SASM to E1 Nifio has the following large

scale features: an equatorw_rd displacement of low-level monsoon perturbation easterlies as a

result of the Walker cell shil't; the enhancement of northwesterlies along the eastern foothills of

the Andes; predominant droaght condition over north-northeastern Brazil, and flood conditions

over southeastern subtropical South America and the Ecuador coast (Kousky et al. 1984;

Aceituno 1988; Ropelewski and Halpert 1987; Douglass et al. 1999; Grimm et al. 2000; Zhou

and Lau 2001). In individ_lal E1 Nifio year, the response may vary due to the influences of

subseasonal variations and decadal to multi-decadal variability. (Garreaud and Wallace 1998;

Uvo et al. 1998; Liebmann e' al. 1999; Zhou and Lau 1999; Nogu6s-Paegle et al. 2000).

In a recent study, L_Lu and Zhou (2002, hereafter referred to as LZ) observed a major

reduction of rainfall over thc Amazon associated with a poleward shift of the SASM circulation

and rainfall system during the 1997/98 El Nifio. They showed that the Bolivian high was

hydrostatically enhanced by the anomalous tropospheric warm ridge extending from the Nifio-3

region to the Altiplano Plaleau. They found a much stronger low-level jet (LLJ) penetrated

deeply into the extratropics _dong the eastern side of the subtropical Andes, coinciding with the

reinforcement of the upper tropospheric subtropical westerlies and the local meridional

overturning. They further demonstrated that an important difference between the 1997/98

anomaly and the typical E1 x_ifio impact was that the South Atlantic subtropical high anomaly

was split into two low-level centers, one immediately to the south of the Amazon Basin and the



other over the southeastern _tlantic. It is found that the SASM anomalies during 1997/98 may

also be affected by teleconTlection signals linking the South Pacific and the South Atlantic in

December, January and Febl uary (DJF) of 1997/98.

The results of LZ ilave motivated the authors to evaluate how well state-of-the-art

atmospheric general circulalion models (AGCM) can simulate the response of SASM to ENSO.

This issue is not only impo_ant to the understanding of the aforementioned large-scale ENSO

impacts but also to the mprovement of the regional climate prediction via dynamical

downscaling from large scale climate models. A number of recent studies showed that the

effectiveness of seasonal regional climate prediction, based on high-resolution regional model

embedded in a coarse-resolution AGCM, is highly dependent on the large-scale environment

predicted by the AGCM (Nobre et al. 2001). In this paper we present results of a model

intercomparison study, which uses six AGCMs to assess the model simulation of the 1997/98 El

Nifio impact on SASM. A _lescription of participating AGCMs and the experimental design are

given in Section 2. The r_lodel simulations of the SASM climatology are intercompared in

Section 3. The responses oi the model SASM to the 1997/98 El Nifio, including an assessment

of predictability of regiona precipitation are discussed in Section 4. Finally, a summary is

presented in Section 5.

2. Data and experimental design

The atmospheric general circulation model output used in this study were provided by the

CLIVAR Asian-Australian Monsoon AGCM Intercomparison Project (Kang et al. 2002). Six

AGCMs with comparable resolutions were chosen, i.e. the Center for Ocean-Land-Atbsphere .fl-

Studies model (COLA), the NASA/ Goddard Earth Observing System model (GEOS), the

Geophysical Fluid Dynamics Laboratory model (GFDL), the National Center for Atmospheric
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Researchmodel (NCAR), tie NCEPmodel and the StateUniversity of New York / Goddard

Laboratory for Atmosphere, model (SUNY/GLA). Among them, four are spectral models and

the other two are grid models. The physics packages used by each model are listed in Table 1.

Except for the GEOS mode:l, each model provided a climatology of monthly means from an

extended integration of Atmospheric Model Intercomparison Project (AMIP) (Gates et al. 1999)

from 1 January 1979 to 31 C_ecember 1998. The GEOS model climatology is for a shorter period

of 1980-1992. To assess piedictability an ensemble of ten two-year runs for the period from 1

September 1996 to 31 Aug_lst 1998 were carried out for each model. This period covers the

1997/98 E1 Nifio episode fr(m initiation to termination. Ten model integration were carried out

for each model with initial conditions of 1 September chosen from different years of the

extended long-term AMIP _ntegration. For boundary conditions, the sea surface temperature

(SST) data are the observed pentad mean from the global sea-ice and SST data from the UK

Meteorological Office (FollILnd and Parker, 1995) and others are the same as that used in AMIP.

The Climate Prediction Center Merged Analysis of Precipitation (CAMP) data (Xie and Arkin,

1997) and the National Cer_ter for Environmental Prediction (NCEP) reanalysis (Kalnay et al.

1996) with the recent correction of the satellite temperature data over land were used for

validation. The horizontal r_;solution for both data sets is 2.5 ° latitude x 2.5 ° longitude. Because

only 200 and 850 hPa data cf GEOS simulation were available to us, the following discussion on

vertical structures of wind altd temperature does not include the result of GEOS simulation.

3. Simulation of SASM climatology

The impact of systematic error on the model response to anomalous lower boundary

forcing has been addressed by a number of studies (e.g., Shukla and Fennessy 1994). In this

section, the SASM climatol(_gies, as simulated by the AGCMs, are evaluated.
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a. Pressure and circulation systems

Figures. l(a) and (i)) show the NCEP reanalysis and the ensemble model-minus-

observation differences of the. annual mean sea level pressure (SLP) and low-level wind systems,

respectively. We can see that the stationary systems of both North and South Atlantic

subtropical highs and the Anmzonia low are too strong compared to observation, indicating large

influences of geographical distribution of the ocean and continent on the model annual mean

biases. The same figures bu!: for the DJF seasonal mean departure are displayed in Fig. l(c) and

(d). The observation shows that from austral winter to summer, sea level pressure (SLP)

increased over northwest Af.dca and decreased over Gran Chaco of South America, exerting an

anomalous pressure gradier_t force from the northeast to the southwest in the tropical and

subtropical area between 80_W and 20°E. As a result, the seasonal monsoon flow (departure

from annual mean) shows e lhanced north equatorial trade winds and the nolth-northwesterlies

east of the Andes north of 15°S. Again, model simulations over-estimate the northwestern

African high and the Gran ('.haco low, which also moves toward the central Andes (Fig.l (d)),

exaggerating the austral summertime pressure gradient and producing too strong low-level

perturbation monsoonal win_l along the equatorial North Atlantic and over the east of the Andes.

Because the Andes in the nbodel is much lower and smoother than that in the real world, the

excessive low pressure over the central Andes in the simulation also draws enormous westerlies

from the equatorial eastern Pacific, which cross the Andes and turn southward toward the low.

The easterlies over the equatorial eastern Pacific are totally reversed and the LLJ east of the

Andes strengthened anomalc, usly.

One of the critical fe_Ltures linking the SASM to the climate of subtropical South America

(southern Brazil and the R_o de la Plata basin) is the low level jet (LLJ), which transports

moisture from lower latitudc:s to subtropical South America (Virji 1981; Paegle 1998; Berbery
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andCollini 2000). TheNCt:_Preanalysisclimatologyshowstherearetwo branchesof low-level

northerlies,onealongtheeasternfoothills of theAndesandtheothernearthesoutheastcoastof

Brazil (Fig. 2(a)). The fondleris strong,displayingnorth-northwesterliesthroughoutthe year.

While the latter, situatedbetweenthe GranChacolow and the SouthAtlantic high, is weaker

than the westerncounterpaztand hasdistinct annualcycle. Both jets havenortherly maxima

around15°Sin australsumner. It is alsonoticedthat the westernjet core shifts equatorward

about5-10° latitudesfrom _ustralwinter to summerin responseto the reversalof the seasonal

perturbationwind aroundth_GranChacolow (not shown). Theensemblesimulation(Fig. 2(b))

capturestheenhancementof northerliescloseto theeasternAndes and over the east coast during

austral summer. Due to the "oarse resolution of the models, large errors of wind speed are found

between the two jet cores ,round 50°-60°W. The western jet is too weak during the austral

winter half year. Large standard deviations among model simulations (darkly shaded) are found

in alignment with two jet m_Lxima, indicating the variations of two jets are also model dependent

in the model climatology.

Over the east coast of Brazil, the NCEP reanalysis (Fig. 3(a)) reveals a distinct local

Hadley cell in the summer _;eason with the strong upper-tropospheric return flow (southerlies),

which is associated with tht: anticyclonic circulation over the Altiplano Plateau, overlying the

low-level northerlies. Bec,use the data at 150-hPa are unavailable for most model outputs

(except for the NCEP model), the simulated upper-level return flow center shifts from 150 to

200-hPa (Fig. 3(b)). Otherwise, the temporal evolution of the meridional overturning is fairly

well simulated, showing development between September and October, peak in December and

demise around April. Over the eastern subtropical Andes (around 15°S), the observation (Fig.

3(c)) shows that low-level northerlies prevail throughout the year, and are confined below 700-

hPa in DJF but extend to higher level in the austral winter half year. Compared with the



observation,thesimulationtFig. 3(d)) showstoo strongupper-troposphericsoutherliesin austral

summerandsignificantwe_keningof northerliesin australwinter, whenanomaloussoutherlies

areresultedin themodelupl_er-troposphere.

b. Rainfall distribution ana evolution

Compared to the (MAP rainfall analysis, both annual and seasonal mean rainfall

simulations have similar sy, tematic bias towards excessive rainfall over the tropical-subtropical

Andes and deficient precipitation in the Atlantic Inter-tropical Convergence Zone (ITCZ) (Fig. 4

shows the seasonal means_. Further examination of the standard deviation among model

simulations reveals that tht'_ areas with large errors also have large variations (not shown),

indicating that the error amplitude of simulations could be model dependent. Figure 5 shows

individual model results for DJF. By and large, four spectral models have larger errors over the

tropical-subtropical Andes but smaller over the Atlantic ITCZ, while two grid models do quite

the contrary. We speculate that the model problems could arise from the representation of steep

mountains and the paramete_ization of convective processes. More diagnostic studies and model

tests are needed to fully unclerstand the causes of these problems. Despite the above systematic

errors Jn SASM rainfall simulation, the proportion of the seasonal rainfall amount, measured by

the percentage of the annual sum for each season, is found to be reasonably well simulated by the

ensemble mean compared to, the CMAP rainfall analysis (Fig. 6). In DJF, the geographic extent

of 40% contour captures the summer monsoon rainfall regime.

The development of South American summer rainfall shows two distinct regimes, i.e. the

continental SASM regime _nd the western Atlantic ITCZ regime (Zhou and Lau 2001). Each

regime has distict seasonal _:haracteristics. The CMAP rainfall (Figs. 7 (a) and (b)) shows that

over the tropical-subtropicaJ South American continent, heavy rainfall (as represented by the 6

mm/day contour) progresst'_s from the northwest toward the southeast from September to
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January. In November, th,'.heavy rain zonejumps polewardby almost ten-degreelatitude

signalingtheSASM onset, the monsoonrain belt continuouslymovessouthwardandexpands

toward the eastand the west until January. Subsequently,the heavyrainfall areashrinks and

retreatsbacktowardtheequator.Figures7 (c) and (d) showthe resultof modelensemblemean

variation,which capturesreasonablywell the rainfall advancementand withdrawal over the

central-easterncontinent,but showsspuriousheavy rainfall over the subtropicalAndes from

Septemberto following April. Overthetropical westernAtlantic, the ITCZ continuouslymoves

southwardfrom springto f_,ll. In April, it reachesto the southernmostpositionand connects

with the continental rainfall system, forming a continuousprecipitation band from western

Atlantic to centralAmazon. Thoseaforementionedfeaturesarecapturedby themodelensemble

simulationexceptthat the modelheavyrain is moreconfinedto theareacloseto thecontinent

afterJanuary(Fig. 7d). In [,,eneral,theresultsindicatethat models,havingbettermeanrainfall

simulation over land, e.g., GEOS AGCM, show more realistic migration over the South

American continent; while models with better tropical oceanicmean rainfall, e.g., GFDL

AGCM, do betterover the _ropicalwesternAtlantic (not shown). Theseresultsareconsistent

with their individual modelbias.

In summary, the m_ldelsoverestimatethe strengthof the stationarysystemsand the

seasonalvariation relativet(, theobservation.Largerainfall systematicerrorsarerelatedto the

presencesof theAndesandt onvectiveactivitiesovertheAtlantic ITCZ. The simulation of LLJs

east of the Andes is problen_atic, because of coarse model resolution. Despite all these defects,

some SASM characteristics, i.e. the seasonal rainfall fraction, the seasonal migration of monsoon

rainfall over the eastern conlinent, the enhancement of low level northerlies east of the Andes in

the summer season and the evolution of local Hadley circulation over the east coast, are



simulatedreasonablywell. /_11 these model problems and capabilities could affect the simulation

of the ENSO-SASM relation _hip.

4. Simulation of 1997/98 E1 Nifio impact on SASM

In the following, we focus on the model simulation of the 1997/98 El Nifio impact on

SASM.

1. Thermal impact

In this section, we e_ amine the changes in tropospheric temperature associated with the

SASM during DJF 1997/98. Figure 8 shows the vertical cross-section of temperature anomaly

along 15°S. Observation reveals that in DJF 1997/98 warming in the Nifio 3 region extended

from the surface and intensi!ied upward with maximum warming in the upper troposphere near

300-400 hPa. The mid-upper troposphere warming expanded eastward and also downward,

forming a secondary warmi:_g center at 600 hPa around 100°W. As a result, the temperature

above the Altiplano Plateau increased significantly. Overall, this feature is captured by the

ensemble simulation, except for the

differences, indicated by tae shading

simulations.

absence of the secondary center. However, large

of standard deviations, can be seen among model

Figure 9 show,; the individual model simulations, which reveal that the COLA and

NCAR GCMs have the mid-tropospheric anomalies displaced too far eastward, while the

temperature anomaly in the NCEP GCM does not extend eastward enough. The GFDL and GLA

models have about the right l hermal structure as the observed over South America.

Figure 10 shows the impact of anomalous warming on the geographic distribution of 200-

hPa geopotential height. C_mstrained by the hydrostatic relationship between temperature and

geopotential height, NCEP reanalysis reveals two positive anomalous height centers in the

tropical eastern Pacific straddling the equator and extending northeast-and-southeastward. The
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southernbranchreachesthe Aitiplano Plateauandintensifiesthe Bolivian High, consistentwith

the vertical structureof tenperatureanomalydiscussedabove. The model ensemblemean

correctly capturesthe position and the strengthof the two anomalycentersover the tropical

easternPacific, as evident in the small error relative to the observation(Fig. 10b). Large

negativeerrors (<-10m) seenover the Gulf of Mexico and the subtropicalAndes (20°-30°S)

indicatethat modelsaredeficientin simulatingthenortheastandsoutheastwardextentionof the

upper troposphericheight _nomalies,which is consistentwith the insufficient middle-upper

troposphericwarmingsimullted by the modelover the two regions. Small standarddeviations

shownover the subtropical';outh America(light shadings)indicatethis problemis commonto

all modelsimulations.

b. Dynamical response

The dynamical response to the positive SST anomaly over the eastern equatorial Pacific

during 1997/98 E1 Nifio is e_amined in Fig. 11, which shows respectively the 200- and 850-hPa

streamline and wind anom_lies. NCEP reanalysis (Fig. l l(a) and (b)) shows distinct upper

tropospheric Rosbby wave 1rains, excited by the warming over the equatorial eastern Pacific,

creating the well-known Pacific-North America (PNA) and Pacific-South America (PSA)

patterns over the western hemisphere (Wallace and Gutzler 1981; Mo and Nogu6s-Paegle 2001).

The vertical structure of the perturbation is highly equivalent barotropic in high latitudes and

baroclinic in low latitudes. Overall, the model ensemble simulations (Fig. 1 l(c) and (d)) capture

those features quite well, b_lt the wave pattern is smoother and the strength of wind anomaly

much weaker than that show n in NCEP reanalysis on both upper and lower levels (also see Kang

et al. 2002). Far from the source, the wave train centers are shifted, especially over the Southern

Hemisphere. The anomalous anticyclonic circulation, which enhances the South Atlantic
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subtropicalhigh southwestof SouthAfrica, is displacednortheastwardto the South African

continent(Fig. 11(d)).

For the regional response,the observationshowsa pair of distinct lower tropospheric

anticyclones (shown in the squareof Fig. l l(b)) forced by the intense subsidenceover

northeasternBrazil straddle_the equatorover tropical SouthAmerica. The shift of Walker

circulationis representedby stronganomalouslower-levelwesterliesandupper-leveleasterlies

over the easternequatorialPacificandanomalouswinds in reversedirectionsover the Amazon

Basin. As a result,abnorm_Lllow-level convergenceandupper-leveldivergencearefound over

theEcuadorcoast(Figs. 1lla) and(b)). In the modelensemblesimulation,deficienciescanbe

clearly seenover tropical SouthAmerica, where the low-level anti-cyclonic and upper-level

cyclonic coupletsare bareli¢visible, implying much weakeranomaloussinking motion over

northeasternBrazil in the s_mulation.The Walker cell anomalyover Amazonis erroneously

replacedby weak easterly_nomaliesthroughoutthe troposphere(Figs. 1l(c) and (d)). In the

low-level, anomalousequat,)rialeasterliescrossover the Andes,breakingaway from the flow

turningsoutheastward.It sil;nificantlyweakensthe anomalousnorthwesterliesalongtheeastern

foothills of theAndes.

In the verticalextent NCEPreanalysis(Fig. 12(a))showssubstantialenhancementin the

vertical westerlyshear,indt_cedby significantincreaseof the temperaturegradientbetweenthe

tropicsandtheextratropics.Thewesterlyanomalymaximumis locatedat 30°Saround150-hPa

andtheridgeextendsdownwardthroughthetroposphere.A secondarywesterlyanomalycenter,

which is separatedfrom the upper troposphericmaximum, is found at 17°Saround700-hPa

(Fig.12(a)). This centeroc_:ursin conjunctionwith the enhancementof the northwesterlyLLJ

eastof the Andes (seealsc Fig. 13(a)). Comparingwith the reanalysis,the simulatedupper
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troposphericmaximum ce_ter (Fig. 12(b)) is about 2 m/s weaker and shifted almost 5°

equatorward, consistent witt_ the simulation error of the upper tropospheric cyclonic turning over

the central Andes (Fig. 11(,:)) induced by the inadequate warming expanded from the tropical

central-eastern Pacific. The, simulation does not capture the weak westerly anomaly center at

700-hPa, only showing a vertical ridge declining equatorward. Small standard deviations along

the observed maximum axis and over the 700-hPa center indicate similar deficiencies also exist

in individual model simulation. Substantial differences among model simulations are found

along the simulated ridge, oi_ which large standard deviations are superimposed.

Figure 13 shows the vertical extent of meridional wind along 15°S. In the observation

(Fig. 13 (a)), strong anomalo Js northerlies of more than 4 m/s are centered between 850 and 700-

hPa and vertically extended upward beyond 400-hPa over the eastern foothills of the tropical-

subtropical Andes. The m(,dels poorly simulate the strength of the anomalous LLJ with only

about one tenth of the obser_,ed intensity (Fig.13 (b)). Small standard deviations among models

are found aligning with the maximum axis, suggesting all models have similar problem.

Substantial variability amorg model simulations indicated by large standard deviation can be

seen around 63°-58°W at 850 hPa.

c. Rainfall anomaly and predictability

The model ensembJe simulations of precipitation and 850-hPa wind anomalies are

presented in Fig. 14, showin_ that the enhancement of rainfall off the Ecuador coast is reasonably

well-simulated. The model:, also tend to produce reduced precipitation over the Atlantic ITCZ

and northern South Americz, with less severity. In Fig.14 (a), the observation demonstrates that

the equatorial low-level east,_rly anomalies, channeled by the steep Andes Mountain, turn sharply

southeastward and significal_tly enhance the northwesterlies along foothills of the eastern Andes.
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The model ensemblesimuiation fails to simulate this feature; hencethere is no increased

moisture transport, leading to complete missing of positive rainfall anomaly center over

Uruguay-SouthernBrazil re_:ion(Fig.14(b)).

Intercomparingamo_lgmodel results (Fig.15), we can see the simulations of rainfall

anomaliesover the Atlanti_' ITCZ and the Ecuadorcoast are quite consistent,but the flow

anomaliesand the associatedrainfall over subtropicalSouthAmerica are incongruous. The

NCEP model simulates m_itherstrong anomalouseasterliesover the Amazon basin nor

northeasterlyanomaliesak,ng the easternfoothills of the subtropical Andes (where weak

southerliesarefound). The GLA modelcreatesstrongequatorialeast-southeasterlyanomalies,

which cross over the tropit al Andes and dominateover the equatorialeasternPacific. The

COLA and GFDL model ,:imulationsshow strong anomalousnortheasterliesover Amazon,

which impinge the Andeanmountainbetweenthe equatorand 15°Sand result in expansionof

excessiverainfall from theticuadorcoastto the subtropicalAndessouthof 10°S. From GEOS

and NCAR model simulationswe can see that the anomalouseasterliesover Amazon are

deflectedby theAndes. The southernbranchproducespositiverainfall anomaliesdownstream

southof 20°S,but thestrengthof theanomalousflow is too weakandthepositionof therainfall

anomalytoofar from theob_erved.

As discussedin LZ, theSASM hastwo typesof rainfall anomalyin responseto E1Nifio.

Oneis directly relatedto theWalker cell shift, causedby theSSTwarming in thecentral-eastern

Pacific. The rainfall anomaliesover theEcuadorcoastandthenorth-northeastBrazil aremainly

in responseto this typeof a_lomaly.Anothertype of the impact is madeindirectly via regional

feedbackprocessesandintelactionswith topographyandtheSASM system,e.g. the LLJ east of

the Andes, as well as with mid-latitude systems. The above model simulation results suggest

that the direct response may be more deterministic and predictable; while the indirect response,
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which involves internaldyn tmics,maybe morechaoticandunpredictable.To investigatethis

issue,Fig. 16 showsthe frequencydistribution of DJF monthly rainfall simulation over the

rainfall anomalycenterarea:,.Theseareasare:northernBrazil andthe westernnorthequatorial

Atlantic (Region I; 60°-35°W, 0°-8°N), Ecuadorcoastand its nearbyocean(Region II; 95°-

80°W, 8°S-4°N) and UrugtLay-NortheasternArgentina and SouthernBrazil (Region III; 65°-

48°W, 34°-26°S). For each area we plot the frequency distribution weighted by the

correspondingprecipitationamount,using monthly rainfall on every grid of all ten runswith

differentinitial conditions.

As we discussedin the previoussection, the Region I and II are mainly under the

influence of the Walker ceil shift, which is directly induced by the E1 Nifio warming. For

1997/98all six-model simulationsshow significant decreaseof heavy rainfall frequenciesin

RegionI andincreasein Re_!ioniI. Theensemblemeans(Fig.16(a)and(b)) revealdistinctshift

of thefrequencypeeksin both regions.The spreadof individual simulationsabouttheensemble

mean, indicated by the sh;tdingsand bars of standarddeviation for 1996/97and 1997/98,

respectively,arealsowell s,_parated.This demonstratestheensemblepredictiveskill for these

two regionsis high. For Re_,ionIII, wherethe rainfall anomalyinvolvesmoreinternaldynamis,

the model precipitationdistributionsareunchangedduring the 1996/97El Nifio (Fig.16 (c)).

This characteristicof model dependencysuggeststhe predictiveskill over Region III by the

modelsis severelylimited. From this study, it is not clearthat how mucherror is dueto the

chaoticnatureof the flow systemandhow much error remainedcausedby model inadequate

resolution and problems ir_ physical parameterization. The latter could be improved by

increasingmodelresolutionandusingsuperensembletechnique(Krishnamurtiet al. 2000).
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E1 Nifio, which shows global wave train patterns, is also well captured by the model ensemble

simulation. The simulated lcattern is smoother and weaker than the observed. The spatial phase

of the PSA pattern over South America and the South Atlantic differs substantially from

observation, and may have caused problems in the simulation of the South Atlantic high.

A serious problem ,:ommon to all model simulations is the misrepresentation of the

enhancement of the northwesterly LLJ along the eastern foothills of the Andes. In this aspect,

model results are highly divq_'rgent. Due to lack of moisture transport from the Amazon basin by

the anomalous northwesterly LLJ, the positive rainfall anomaly center observed over the

Uruguay-Southern Brazil ar,_'a is largely missing in all six GCM simulations. An assessment of

the predictability of regional rainfall anomaly shows promising skill over Ecuador coast and to a

lesser degree over northern Brazil. Both are directly under the influence of the Walker cell shift

in response to the SST warming in the eastern-central Pacific. The model predictability of

rainfall anomalies over the ,.:,ubtropical southeast of South America is very low. This is because

the subtropical rainfall anomaly is generated by the El Nifio induced regional feedback processes

and complex interactions _ith subcomponents of SASM and mid-latitude systems, which are

dependent on the internal dyaamics of the SASM.

The above results arc preliminary, since the data used in this study is only for a two-year

period (from 1 September 1996 to 31 August 1998) and also for a limited number of variables.

As abundantly clear in the results, the model resolution used in this study is inadequate for

simulation of the regional aspects of the SASM. In addition, two important issues were not

addressed from this study. One is the impact of the model systematic errors on predictability.

Another issue is the origin cf the intra-ensemble spread of the model simulations of the LLJ east

of the Andes. It is not clear if it reflects model-formulation differences or the hydrodynamic

instabilities existed in the monsoon region. These issues need further investigation.
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TABLE AND FIGURE C,4. PTIONS

Table 1 Description of the rrJodels used in this study (From Kang et al. 2002).

Figure 1 Climatology of 85(J-hPa wind (m/s) and SLP (hPa), showing the annual mean and DJF

departure from the aqnual mean from top to bottom panel and NCEP reanalysis and the

difference between the ensemble simulation and NCEP reanalysis from left to right panel.

Figure 2 Hovmoller diagra_n, showing annual cycle of 850-hPa meridional wind (m/s) along

15°S. (a) NCEP reanalysis and (b) model ensemble simulation. The shading indicates

the standard deviatio i among model climatologies.

Figure 3 Hovmoller diagram, showing annual cycle of meridional wind at 15°S, 42.5°W (left)

and at 15°S, 62.5°W (right) for NCEP reanalysis (top) and the model ensemble

simulation (bottom).

Figure 4 Seasonal rainfall climatology (cm) of CMAP rainfall analysis (top) and the ensemble

simulation error (botlom) for SON (left), DJF (middle) and MAM (right).

Figure 5 Individual model simulation error (cm) of DJ-F rainfall.

Figure 6 Climatology of thu, allocation of seasonal rainfall (percentage of the annual sum) for

SON (left), DJF (middle) and MAM (right). From top to bottom are CMAP rainfall

analysis and GCM e_lsemble simulation.

Figure 7 Seasonal rainfall advancement (upper) and withdrawal (lower) described by 6 mm/day

contour. From left t_, right are CMAP rainfall analysis and the ensemble simulation.

Figure 8 Vertical-zonal cross-section of 1997/98 DJF temperature anomaly (°K) along 150S.

From top to bottorr_ are NCEP reanalysis and the ensemble model simulation. The

shading indicates the standard deviation among model simulations.

Figure 9 Same as Fig. 8 excupt for individual model simulations.

24



Figure 10 1997/98DJF 20¢_-hPageopotentialheightanomaly (gpm). From top to bottom are

NCEPreanalysisancithe differenceof the ensemblesimulationminusNCEPreanalysis,

respectively.Theshadingindicatesthestandarddeviationamongmodelsimulations.

Figure 11 1997/98DJF wind (m/s) and streamlineanomaliesat 200-Pa(top) and 850-Pa

(bottom). From left to fight areNCEPreanalysisand the modelensemblesimulation,

respectively.

Figure 12 Vertical-meridic.nalcross-sectionof 1997/98DJF zonal wind anomaly zonally

averagedbetween80°-50°W(m/s). Fromleft to right areNCEPreanalysisandthemodel

ensemblesimulation respectively.The shadingindicatesthe standarddeviation among

modelsimulations.

Figure 13SameasFig. 12,exceptfor thevertical-zonalcross-sectionof 1997/98DJFmeridional

wing anomalyalong15°S.

Figure 14 1997/98DJF CMAP rainfall (mrrdday)and NCEP reanalysis850-Pawind (m/s)

anomalies(left) and the correspondingmodelensemblesimulations(right). The wind

vectorsarebolded,u henthespeedexceeds2 m/s.

Figure 15SameasFig. 14exceptfor thesimulationsby individual model.

Figure 16TheDJF monthb rainfall frequencydistributions,weightedby therainfall rate, over

(a)RegionI (65°-475°W, 34°-26°S),(b)RegionII (95°-80°W,8°S-4°N),and(c) Region

III (65°-47.5°W,34%26°S). The dashand solid lines are indicationsof 1996/97and

1997/98,respectively. The shadingsand bars are standarddeviations amongmodel

simulationsfor 199607 and1997/98,respectively.
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i

Group Model Institution Resolution [ Radiation Convection Land Surface Process Cloud Formulation

Center for Ocean-Land- R40 LI 8 Lacis and Hansen (74) SSiB model Hou (90) based on
COLA COLA 1.11 Relaxed Arakawa-Schubert

Atmosphere Studies (128x102) Harshvardhan et al. (87) Xue et al. (91) Slingo (87)

NASA/Goddard Space 2.5°x2 ° L43 Chou and Suarez (94) RAS (Moorthi and Suarez 92) Schemm et al. (92) Slingo and Ritter
GEOS GEOS-2 Flight Center ( 144x91 ) (85)

GFDL DERF GFDLSM Geophysical Fluid T42 L18 Lacis and Hansen (74) RAS (Moorthi and Suarez 92) Deardorff (78) Slingo (87)
\t I tT'r l__,_,_rr'_r_ [ "_b,c_r_tr_,-t, cl _'Qv(_.,l', _.t...,,_.lz-c_. .......

National Center for T42 LI 8 Mass flux scheme (Zhang and Land surface model Slingo (87)
NCAR CCM3 Kiehl et al. (98)

Atmospheric Research (128x64) McFarlane 95) (Bonan 98) Kiehl (94)

NCEP Seasonal MRF vsn0 National Center for T42 L28 Chou (92) RAS (Moorthi and Suarez 92) Pan and Mahrt (87) Slingo (87)
Environmental Prediction (128x64) Fels and Schwarzkopf (75) Campana et al. (94)

SUNY/GLA GLA GCM - 01.0
State University of New

York

5°x4 ° LI7

(72x46)
Harshvardhan et al. (87) Modified Arakawa-Schubea Deardorff (78)

Sud and Walker

(92)

Table 1
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